transepithelial electrical resistance; immunosuppressive drugs; nephrotoxicity CYCLOSPORINE A (CsA) has proven to be an invaluable immunosuppressive drug in solid organ transplantation (13) . However, its clinical use is limited by the major side effect of nephrotoxicity (8) . In vitro CsA-induced nephrotoxicity has been shown to be associated with direct effects of CsA in proximal tubular cells (21, 38) . In vivo, CsA acutely causes an increase in intrarenal resistance and hemodynamic alterations and CsA-induced hypertension is associated with sodium and water retention (11) . Sirolimus (SRL), a macrocyclic lactone, is a potent immunosuppressive agent that may act synergistically with CsA to achieve powerful immunosuppression (3) . Phase III studies of de novo treatment of recipients of renal allografts from living-related donors demonstrated that SRL either had a subclinical adverse effect on renal function or exacerbated the nephrotoxicity of CsA (28) . New phase III studies demonstrated that early withdrawing of CsA from the SRL/CsA regimen resulted in improved renal function and renal histology (37) .
The mechanism of the enhanced nephrotoxicity of this immunosuppressive combination (CsA/SRL) is not fully understood. CsA blocks the expression of the interleukin-2 gene in activated T cells by inhibiting calcineurin (17) . The immunosuppressive actions of SRL are synergistic to those of CsA as SRL acts further downstream, influencing biochemical events later in the T cell cycle (46) . One possibility for the enhanced nephrotoxicity of the combination of CsA/SRL is that the exacerbation of CsA nephrotoxicity may be due to pharmacokinetic interactions. SRL has been shown in vivo to increase CsA concentrations in whole blood and particularly in kidney tissue, thus augmenting CsA-induced renal dysfunction (41) . Anglicheau et al. (4) demonstrated in vitro that SRL exerted an inhibitory effect on P-glycoprotein, increasing cellular CsA concentrations in a dose-dependent manner in normal human renal epithelial cells. The present in vitro experiments were designed to test the hypothesis that the enhanced nephrotoxicity of the CsA/SRL combination may result from direct effects with renal proximal tubular epithelial cells.
Epithelial tissues serve as selective permeability barriers, separating fluid compartments with different chemical compositions. Renal epithelium tight junctions (TJs) mediate this barrier role and seal cells together to impede the paracellular leakage of small molecules. In renal tubules, the paracellular pathway plays an important role in vectorial transport with some selectivity for transport of ions. It has been shown that CsA and SRL treatments alone can induce magnesium wasting in a rat model probably due to improper reabsorption of this ion (2, 12) .
In the mammalian kidney, the transepithelial electrical resistance (TER) and complexity of the TJs increase from the proximal tubule along the nephron to the distal tubule. The specific barrier and permeability characteristics of the proximal tubule epithelium are determined primarily by the functional state of the TJ complex that includes occludin, junctional adhesion molecule, zonula occludens-1 (ZO-1), and claudins (6, 42) . Each claudin may have unique selectivity characteristics. An emerging model is that the fixed charges on the extracellular loops of claudins line aqueous pores and electrostatically influence the passage of soluble ions (14) . Overexpression of claudins has been shown to both increase (27, 33, 47) and decrease (1, 18, 48) TER. In the proximal tubular epithelial cell line (LLC-PK 1 ) used in this study, it has been shown that claudin-2, -15, and -16 selectively increase the permeability of Na ϩ through the TJs (23, 48), whereas the knockdown of claudin-4 or -7 expression depressed the permeation of Cl Ϫ (22, 48) . TJs are subject to physiological and pharmacological regulation and modulation (5, 19, 34) . The MAPK family consists of a group of important intracellular mediators of signal transduction from cell surface to the nucleus, in response to various stimuli. ERK1/2 are connected to the regulation of growth and differentiation (9, 40) . Several studies implicate a role for the ERK1/2 pathway in paracellular permeability but findings are conflicting. Wang et al. (49) demonstrated that activation of PKC caused the disruption of TJs through activation of MAPK in human corneal epithelial cells. Chen et al. (10) reported that inhibition of the MAPK pathway by MEK inhibitor, PD98059, resulted in the recruitment of occludin, claudin-1, and ZO-1 to the membrane of Ras-transformed Madin-Darby canine kidney (MDCK) cells, with a corresponding increase in TER. However, Lipschutz et al. (32) demonstrated that after hepatocyte growth factor treatment (HGF), ERK1/2 activation decreased claudin-2 expression in MDCK II and increased TER. This was blocked by the MEK inhibitor, U0126. Woo et al. (50) found that the dexamethasone-induced increase in TER across Can8 mammary cells was reduced by PD98059.
We previously showed that CsA alters the barrier function of MDCK cells and the mechanism may involve activation of ERK1/2 pathway (29) . Further studies demonstrated that this CsA-induced modulation of paracellular permeability may be, at least in part, mediated by an increase in transforming growth factor-␤ (TGF-␤) production through ERK1/2 activation (16). The present study was designed to test the hypothesis that SRL does not have a protective role in the CsA-induced effect in paracellular permeability and that the enhanced nephrotoxicity of CsA/SRL combination may be related to changes in epithelial barrier function. In this study, the effect of SRL, CsA alone, and CsA/SRL in combination on the integrity of the cellular TJs complex in renal proximal tubular cells was assessed through the measurement of TER and the expression of claudin-1, -2, and -4. The role of the ERK1/2 pathway in the CsA/SRL-induced modulation of barrier function was also investigated. Some of these findings have been previously presented at the ASN 2008 annual meeting and published in abstract form (Martin N et al., J Am Soc Nephrol PO141).
MATERIALS AND METHODS
Cell culture. The renal epithelial cell line LLC-PK1 (from pig proximal tubule) (26) was obtained from the European Collection of Animal Cell Cultures (Wiltshire, UK). Cells were cultured in Medium 199 (GIBCO) supplemented with 10% heat-inactivated fetal calf serum and penicillin/streptomycin (GIBCO). The culture was maintained at 37°C in a humidified incubator gassed with 5% CO 2 and 95% air. The cells were passaged on a weekly basis (with a split ratio of 1:5).
Cell treatment. CsA and SRL were prepared as stock solutions (4.2 and 1 mM, respectively) in 100% EtOH. U0126 was prepared as a stock solution of 10 mM in DMSO. Cells were preincubated for 1 h with 10 M U0126 before treatment with 4.2 M CsA or 1 M SRL either alone or in combination.
TER. LLC-PK 1 cells were grown on 24-Costar HTS-Transwell cell culture plates, which consisted of tissue culture-treated polycarbonate membranes with a pore size of 0.4 m and an effective growth area of 0.33 cm 2 . The upper chamber (apical side) contained 0.25 ml medium and the lower one contained 1 ml medium. LLC-PK1 cells were seeded at a density of 2. Immunofluorescence. LLC-PK1 cells grown on 18-mm coverslips were treated with the appropriate treatment for 48 h. The cells were fixed with 4% paraformaldehyde for 20 min. The fixed cells were then permeabilized for 20 min in 0.2% (vol/vol) Triton X-100, 100 mM glycine in PBS. Cells were washed three times in PBS and then blocked in 0.2% BSA/PBS for 1 h. The cells were then incubated in a monoclonal mouse anti-claudin-4 (Zymed Laboratories) in 0.2% (wt/vol) BSA/PBS for 1 h and Alexa 488-conjugated anti-mouse IgG antibody in 0.2% (wt/vol) BSA/PBS per well for 1 h. To stain the nuclei, cells were incubated with Dapi for 5 min. The whole process was carried out at room temperature. Coverslips were then mounted using the anti-quenching agent (Dako). The immunofluorescence was analyzed using a Zeiss Axioplan II epifluorescent microscope attached to a digital camera.
Intracellular flow cytometry. LLC-PK1 cells grown to 100% confluency on a six-well tissue culture plate were treated with the appropriate treatment for 48 h. Cells were then washed twice with ice-cold PBS and trypsinized. The cells were fixed overnight at Ϫ20°C with 70% ethanol added in a drop-wise manner. The cells were washed twice in ice-cold PBS. The resuspended cells were then divided into 10 6 cell aliquots and then incubated with the primary antibody, rabbit anti-claudin-1 or mouse anti-claudin-4 on ice for 1 h. The cells were washed twice and the secondary antibody conjugated with FITC (Vector Labs, Burlingame, CA) was incubated on ice for another hour. After the cells were washed twice, the cells were analyzed with a Bectin-Dickson FacsCalibur flow cytometer. The staining profiles were recorded at the same FL1 PMT voltage.
Preparation of Triton X-100-soluble and -insoluble fractions for TJs protein analysis. This method has been adapted and modified from Yoo et al. (51) . LLC-PK1 cells grown on a six-well tissue culture plate were washed twice with ice-cold PBS and then scraped in a Triton X-100 lysis buffer (1% Triton X-100, 20 mM Tris·HCl, 50 mM NaCl, 5 mM EDTA, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 50 mM NaF, 20 mM sodium pyrophosphate, 1 g/ml pepstatin, 0.5 g/ml leupeptin, 1.9 g/ml aprotinin) and incubated at 4°C for 30 min, followed by centrifugation at 10,000 g for 20 min. The resulting supernatant was considered the Triton X-100/detergent-soluble fraction. The remaining pellet was resuspended in SDS solubilization buffer [1% SDS, 20 mM Tris·HCl, 50 mM NaCl, 5 mM EDTA, 1 mM sodium orthovanadate (Na 3VO4), 1 mM PMSF, 50 mM NaF, 20 mM sodium pyrophosphate, 1 g/ml pepstatin, 0.5 g/ml leupeptin, 1.9 g/ml aprotinin] and briefly sonicated. After sonication, the suspension was incubated at 4°C for 30 min, followed by centrifugation at 10,000 g for 20 min. The supernatant was considered the Triton X-100/detergent-insoluble fraction. Protein concentrations were determined by a BCA protein assay kit (Pierce) according to the manufacturer's instructions and an equal amount of protein was analyzed.
Preparation of whole extracts for phosphorylated and whole cell MAPK protein analysis. Following the appropriate treatment, LLC-PK 1 cells grown on a six-well tissue culture plate were washed twice with ice-cold PBS and then scraped in a RIPA buffer [90% RIPA buffer (Sigma), 10% of 1 mM Na 3VO4, 1% 1 mM PMSF, 20% proteinase inhibitor cocktail] and incubated at 4°C for 30 min, followed by centrifugation at 12,000 g for 7 min. The resulting supernatant was stored in aliquots at Ϫ20°C until required for immunoblotting. Protein concentrations were determined by a BCA protein assay kit (Pierce) according to the manufacturer's instructions and equal amounts were analyzed.
SDS-PAGE and Western blotting. Equal amounts of cell extracts were electrophoresed on SDS-polyacrylamide gels and proteins were transferred to nitrocellulose membrane. To ensure equal loading, membranes were stained with Ponceau-S. Membranes were blocked with 5% (wt/vol) milk proteins/Tris-buffered saline (TBS) and incubated overnight at 4°C with the primary antibody: rabbit anti-claudin-1, mouse anti-claudin-4, rabbit anti-claudin-2, rabbit anti-phospho-ERK1/2, or rabbit anti-ERK1/2. Bound antibody was detected with appropriate secondary antibodies and enhanced chemiluminescence.
Statistical analysis. Statistical analyses were performed using the statistical program GraphPad Prism 4.0. (GraphPad, San Diego, CA). Data were analyzed by one-way ANOVA and multiple comparisons between different treatments were made using the Bonferoni posttest. Alternatively, the paired Student's t-test was used to test for statistical significance between control and a treatment group. Results were expressed as means Ϯ SE. A probability of 0.05 or less was deemed statistically significant (*P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001).
RESULTS
CsA, SRL, and the CsA/SRL cotreatment increased TER across LLC-PK 1 monolayers. The TER of confluent control LLC-PK 1 monolayers was found to be 116 Ϯ 2.3 ⍀·cm 2 . Treatment with subcytotoxic concentration of CsA (4.2 M) or SRL (1 M) decreased the paracellular permeability of LLC-PK 1 cell monolayers, which was detected as an increase in TER up to 72 h (Fig. 1, A-B) . CsA treatment effect on TER at 48 h (⌬TER: 163.5 ⍀·cm 2 ) was greater than that of SRL (⌬TER: 40.4 ⍀·cm 2 ). CsA/SRL cotreatment increased TER at 48 and 72 h in a synergistic manner (⌬TER: 306.6 and 414.6 ⍀·cm 2 , respectively; Fig. 1C ). Figure 1D shows the comparison between the different treatments. These effects in TER were not due to any effect on viability of the cells as can be seen in Fig. 1E . The concentrations of CsA and SRL used were chosen to approximate to the concentrations used in vivo and reflect concentrations in kidney but not to exert any gross cytotoxic effects in the renal cells.
Effect of CsA, SRL, and CsA/SRL cotreatment on TER in modified P1 buffer across LLC-PK 1 monolayers. The increase in TER caused by CsA and/or SRL may reflect a decrease in Na ϩ or Cl Ϫ conductance (or both), since they are the major ions conducting the current in the culture medium. After 48-h treatment with CsA or CsA/SRL, the solution was replaced with P1 buffer (140 mM NaCl). Similarly, the TER with P1 was increased in CsA and further increased in CsA/SRL Results are expressed as the change in TER (⌬TER) compared with time-matched control filters and are given as means Ϯ SE of 3 independent experiments performed in triplicate. ⌬TER is expressed as ⍀·cm 2 . Paired Student's t-test was used to test for statistical significance between control and treatment groups. CsA treatment (A), SRL treatment (B), and CsA/SRL treatment (C). D: comparison between all treatment groups. A 1-way ANOVA was carried out and multiple comparisons between control and treatment groups were made using the Bonferroni posttest. A probability of 0.05 or less was deemed statistically significant (*P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001). E: cellular viability was measured at 48 h using resazurin cell viability assay. Results are expressed as % control (100%) and are given as means Ϯ SE of 3 independent experiments, each performed in triplicate. Paired Student's t-test was used to test for statistical significance between control and treatment groups. treatment after 48 h (Fig. 2) . To determine the resistance to each ion separately, P1 buffer was then replaced with 140 mM arginine-HCl buffer to eliminate the contribution of Na ϩ ions or with 140 mM sodium aspartate to eliminate the contribution of Cl Ϫ ions. Either in the presence of Cl Ϫ without Na ϩ or in the presence of Na ϩ without Cl Ϫ , the increase in TER followed the same trend compared with that of P1, demonstrating that CsA and CsA/SRL treatment reduced the conductance of both Cl Ϫ and Na ϩ ions across the epithelial cell monolayer (Fig. 2) . Effect of CsA, SRL, and CsA/SRL on the localization of claudin-4 in the TJ complex and cell monolayer integrity in LLC-PK 1 cells. As shown in Fig. 3 , claudin-4 was normally distributed in control cells. No disruption of the cell monolayer or holes between cells could be detected in any treatment group. Following 48-h treatment with 4.2 M CsA, 1 M SRL, or CsA/SRL cotreatment, the fluorescent signal for claudin-4 tended to be more concentrated at the cell periphery than in control cells.
CsA, SRL, and CsA/SRL cotreatment increased the expression of the TJ protein, claudin-1. The effect of CsA, SRL, and CsA/SRL cotreatment on total cell expression of TJ proteins is shown in Fig. 4 . Flow cytometry analysis showed that CsA (4.2 M) and its combination with SRL (1 M) increased the total cell claudin-1 after 48 h (Fig. 4, A and C) . Although not significant, an increasing trend in the total cell expression of claudin-4 was observed after 48 h of CsA or CsA/SRL treatment (Fig. 4, B and D) . Western blot analysis showed that CsA may increase claudin-1 distribution in the cytoskeleton-associated fraction (detergent-insoluble fraction) after 24 and 48 h of treatment (Fig. 5A ). The treatment with either SRL alone or in combination with CsA may also increase claudin-1 localization in both the cytoplasmic and cytoskeleton-associated fraction (soluble and insoluble fractions). A trend for increase in claudin-4 was observed in both the soluble and insoluble fractions after 48 h of CsA, SRL, and combined CsA/SRL treatment (Fig. 5B) . The levels of claudin-1 and -4 in the insoluble fraction appeared to be further increased when both treatments were applied in combination. Coomassie Brilliant Blue staining was used as sample loading control (Fig. 5C) .
CsA, SRL, and CsA/SRL cotreatment stimulated ERK1/2 activation in LLC-PK 1 cells. Treatment of LLC-PK 1 cells with 4.2 M CsA, 1 M SRL, and their combination resulted in significant activation of ERK1/2 signaling at 24 and 48 h (Fig. 6 ). There was much greater activation of ERK1/2 with the combined treatment of CsA/SRL compared with either CsA or SRL alone. The MEK inhibitor, U0126 (10 M), reduced basal activation of ERK1/2 at 48 h and also prevented the CsA, SRL, and the CsA/SRL-induced activation of ERK1/2 at 24 and 48 h (Fig. 7) .
Inhibition of ERK1/2 signaling pathway reduced the CsA, SRL, and CsA/SRL-induced increase in TER across LLC-PK 1 monolayers. Cotreatment of LLC-PK 1 cells with the MEK inhibitor U0126 (10 M) plus 4.2 M CsA significantly reduced the CsA-induced increase in TER which was observed when cells were treated with CsA alone up to 48 h (Fig. 8A) . Cotreatment of LLC-PK 1 cells with 10 M U0126 plus 1 M SRL significantly reduced the SRL-induced increase in TER which was observed when cells were treated with SRL alone at 48 h (Fig. 8B) . Cotreatment of the LLC-PK 1 cells with 10 M U0126 plus 4.2 M CsA/1 M SRL significantly reduced the CsA/SRL-induced increase in TER which was observed when cells were treated with CsA/SRL alone at 24 and 48 h (Fig.  8C) . These changes were not accounted for by any significant alterations in cellular viability due to CsA, SRL, and CsA/SRL cotreatment combined with U0126 as demonstrated by the results in Fig. 8D . 
each performed in duplicate. ANOVA was carried out and multiple comparisons between different treatment groups were made using the Bonferroni posttest. A probability of 0.05 or less was deemed statistically significant (*P Ͻ 0.05) compared with time-matched P1 buffer controls. (Fig. 9A) . U0126 prevented the CsA, SRL, and CsA/ SRL-induced increase of claudin-1 in the insoluble fraction (Fig. 9A , right, and D, dark gray bars). After 48 h of CsA, SRL, or combined treatment, a trend was observed for the increased claudin-4 localization in the insoluble fraction (Fig. 9B) . However, ERK inhibition with U0126 did not prevent this trend in the distribution of claudin-4; however, in contrast to claudin-1, a trend was shown for increased localization of claudin-4 in the insoluble fraction (Fig. 9A, right , and E, dark gray bars). Claudin-2 distribution was also examined and found to be decreased in the insoluble fraction in cells treated either with CsA or CsA/SRL cotreatment compared with control at 48 h (Fig. 9C) . Inhibition of ERK1/2 activation induced an increase of claudin-2 in the insoluble fraction in all the treatment groups (Fig. 9C , right, and F, dark gray bars).
DISCUSSION
In this study, we demonstrated for the first time that SRL can have direct adverse effects on the barrier function of renal proximal tubular cells. Furthermore, we demonstrated that the SRL effects are similar to those of CsA and the combination of SRL and CsA is synergistic in producing alterations in barrier permeability of renal proximal tubular cells. We previously showed that CsA treatment decreases paracellular permeability in MDCK cells (29) and here, we show similar effects in LLC-PK 1 cells. However, the effects of SRL on renal epithelial barrier function had not been previously investigated.
Regulation of cellular barrier permeability is a vital and complex process involving intracellular signaling and rearrangement of TJ proteins that influence the passage of soluble ions. Our data show that SRL and CsA alone and their combination induced increases in TER with rearrangement of TJ proteins, especially claudin-1, which may explain some of the nephrotoxic changes observed after CsA/SRL treatment. Moreover, this study shows how these treatments are able to enhance barrier function that could explain the enhancement of CsA nephrotoxicity observed clinically. Only few substances like TGF-␤ 1 (16, 24) , EGF (7, 44) , HGF (32), IL-7(30), or glucocorticoids (50) have been demonstrated to be able to enhance barrier function, whereas that a wide range of substances have been shown to perturb it.
These effects of SRL, CsA, and the combined CsA/SRL resulted from direct effects of the drugs on the tubular cells. In the in vivo setting, it had been suggested that the enhanced toxicity of a CsA/SRL combination may have been due to pharmacokinetic interactions. Napoli et al. (36) demonstrated that a pharmacokinetic interaction between SRL and CsA increased the concentration of both agents in whole blood and especially in renal tissue of rats. Anglicheau et al. (4) studied the role of P-glycoprotein (Pgp) in the CsA/SRL interaction in vitro. They found that the increased CsA nephrotoxicity in human renal epithelial cells may be due to inhibition of Pgp-mediated CsA cellular efflux by SRL. Here, we demonstrated direct effects of SRL on the epithelial function of renal proximal tubular cells. The CsA/SRL cotreatment produced a synergistic effect on TER. As the TER inversely reflects the conductance of ions and small molecules through the TJs, CsA and SRL treatment resulted in a better sealing or tightening of the TJs between the cells and a decrease in the paracellular permeability. While the synergistic effects of the combined CsA/SRL may have been contributed to by increased CsA intracellular levels in the presence of SRL, alternative explanations are more likely. The fact that SRL on its own, in the absence of CsA, increased TER clearly indicates that SRL exerts effects without requirement for CsA. Furthermore, the fact that the combined treatment of CsA and SRL showed a synergistic effect rather than a simply additive effect would also support the hypothesis that the effect with the combined treatment was not just due to increased CsA in the cells. We did carry out additional experiments with increasing concentrations of CsA and SRL to test the effects of increased CsA. However, these experiments were complicated by the fact that increasing cytotoxicity was detected with increasing CsA and SRL concentrations. The concentrations used in the present study were chosen to investigate effects of CsA and SRL without significant cytotoxicity. Here, we demonstrated that CsA and CsA/SRL reduced the conductance of both Na ϩ and Cl Ϫ ions across the epithelial layer. These two drugs have been shown to produce hypomagnesemia associated with inappropriately high fractional excretion of magnesium (2) . These authors suggested that the mechanism of hypomagnesemia and tubular injury induced by CsA or SRL was unlikely to be dependent on calcineurin as they compared these two drugs with another calcineurin inhibitor, tacrolimus, which also produced hypomagnesemia. Furthermore, CsA nephrotoxicity results in induced hypertension associated with sodium and water retention (11) . As TER inversely reflects the ion conductance through the TJ (paracellular pathway), the alteration observed after CsA or CsA/SRL treatments highlights ion transport disturbance in this model in vitro. If similar tightness mechanisms in the barrier function occur in the kidney in vivo, it might explain some of the ion disturbances after CsA and SRL treatment.
We demonstrate that this CsA or CsA/SRL modulation of the barrier function was not due to an increase in the cell volume as demonstrated by immunofluorescence of cells. Some investigators reported that increases in TER could also be generated by a decrease in cell number, as cell density increases; there is an increase in intracellular space per unit area of monolayer (43) . This is a controversial topic, since other investigators reported that a rise in cell number could generate an increase in TER (44) . Here, in this study we showed by immunofluorescence similar junctional pattern and cell density under all treatments. Also, we showed that none of the treatments affected cell viability. Therefore, it is highly unlikely that alterations in cell number or size were responsible for the alteration in TER in these experiments.
Our initial results indicated that a possible mechanism by which CsA and SRL influence TJs function could be by Triton-X-insoluble cell fractions (i) were made using a membrane separation buffer. Equal amounts of cellular proteins were separated electrophoretically on SDS-polyacrylamide gel and transferred to nitrocellulose membrane. Expression of tight junction proteins was identified using specific antibodies. A representative blot from 1 of 3 separate experiments is shown. A: expression of claudin-1 was identified using a polyclonal rabbit anti-claudin-1 antibody and an anti-rabbit horseradish peroxidase (HRP)-conjugated secondary antibody. B: expression of claudin-4 was identified using a polyclonal mouse anticlaudin-4 antibody and an anti-mouse HRP-conjugated secondary antibody. C: Coomassie staining of the gel was used as a loading control. Fig. 6 . Increased of ERK1/2 phosphorylation after CsA, SRL, or CsA/SRL cotreatment on LLC-PK1 cells. LLC-PK1 cells were grown to confluency on 6-well plates and treated with VC, 4.2 M CsA or 1 M SRL, either alone or in combination for 24 or 48 h. Whole cell lysates were then made using RIPA lysis buffer. Equal amounts of cellular proteins were separated electrophoretically on SDS-polyacrylamide gel and transferred to nitrocellulose membrane. Expression of phospho-ERK1/2 (A) was identified using a polyclonal rabbit anti-phospho-ERK1/2 and an anti-rabbit HRP-conjugated secondary antibody. The nitrocellulose was then stripped of the antibody and expression of whole cell ERK1/2 (B) was identified using a polyclonal antibody and an anti-rabbit HRP-conjugated secondary antibody. C: ratio phospho-ERK/whole ERK band density of blots. Results are expressed as means Ϯ SE of 3 independent experiments. ANOVA and multiple comparisons between different treatments were made using the Bonferoni posttest. Alternatively, the paired Student's t-test was used to test for statistical significance between control and a treatment group. Results were expressed as means Ϯ SE of 3 experiments. A probability of 0.05 or less was deemed statistically significant between different treatments (###P Ͻ 0.001) or time-matched control where indicated (*P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001).
increased total cellular expression and altered localization of TJs proteins, claudin-1 and claudin-4. It is clear that there was an increase in the total cell expression of claudin-1 which was statistically significant as estimated by flow cytometry. Within the cells, the increases in claudin-1 and claudin-4 were primarily localized to the detergent-insoluble fraction after CsA or SRL treatment. The levels of these proteins were further increased when both treatments were applied in combination. Fig. 7 . Effect of ERK1/2 inhibition on CsA, SRL, or CsA/SRL cotreatment-induced ERK1/2 phosphorylation in LLC-PK1 cells. LLC-PK1 cells were grown to confluency on 6-well plates and pretreated for 1 h with 10 M U0126, before treatment with 4.2 M CsA or 1 M SRL, either alone or in combination for 24 and 48 h. Whole cell lysates were then made using RIPA lysis buffer. Equal amounts of cellular proteins were separated electrophoretically on SDSpolyacrylamide gel and transferred to nitrocellulose membrane. Expression of phospho-ERK1/2 (A) was identified using a polyclonal rabbit anti-phospho-ERK1/2 and an anti-rabbit HRP-conjugated secondary antibody. The nitrocellulose was then stripped of the antibody and expression of whole cell ERK1/2 (B) was identified using a polyclonal antibody and an anti-rabbit HRP-conjugated secondary antibody. C and D: ratio of phospho-ERK/whole ERK band density at 24 and 48 h of blots from 3 independent experiments. ANOVA and multiple comparisons between different treatments were made using the Bonferoni posttest. Alternatively, the paired Student's t-test was used to test for statistical significance between control and a treatment group. Results were expressed as means Ϯ SE of 3 experiments. Aprobability of 0.05 or less was deemed statistically significant between different treatments (#P Ͻ 0.05, ##P Ͻ 0.01, and ###P Ͻ 0.001) or time-matched control where indicated (*P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001). barrier. Claudin-2 has been defined as a cation pore. When claudin-2 was overexpressed in LLC-PK 1 cells, the permeability for Na ϩ was increased (48) . In our cells, claudin-2 tended to decrease as the TER increased after CsA or CsA/SRL treatment. We are not aware of any studies defining claudin-1 either as a cation or an anion barrier. However, our studies demonstrated that CsA and CsA/SRL decreased the paracellular permeability of both Na ϩ and Cl Ϫ ions accompanied by an increase of claudin-1 and decrease of claudin-2 in membrane localization. These observations suggest that claudin-1 might be acting as Na ϩ or Cl Ϫ barrier and claudin-2 as a cation pore as has been previously demonstrated (48, 52) .
C D
Many different signal transduction pathways are involved in the regulation of TJs function and assembly. A recent review Fig. 9 . Effect of ERK1/2 inhibition on tight junction proteins expression after CsA, SRL, or CsA/SRL cotreatment on LLC-PK1 cells. LLC-PK1 cells were grown on 100-mm petri dishes, when 100% confluent. Cells were pretreated for 1 h with 10 M U0126, before treatment with 4.2 M CsA or 1 M SRL, either alone or in combination for a period of 48 h. s and i cell fractions were made using membrane separation buffer. Equal amounts of i cell proteins were separated electrophoretically on SDS-polyacrylamide gel and transferred to nitrocellulose membrane. A: expression of claudin-1 was identified using a polyclonal rabbit anti-claudin-1 antibody and an anti-rabbit HRP-conjugated secondary antibody. B: expression of claudin-4 was identified using a polyclonal mouse anti-claudin-4 antibody and an anti-mouse HRP-conjugated secondary antibody. C: expression of claudin-2 was identified using a polyclonal rabbit anti-claudin-2 antibody and an anti-rabbit HRP-conjugated secondary antibody. A representative blot from 1 of 3 separate experiments is shown. D, E, and F: each column represents means Ϯ SE of 3 independent experiments for claudin-1, -4, and -2, respectively. Paired Student's t-test was used to test for statistical significance between control and treatment group. ANOVA was carried out and multiple comparisons between different treatment groups were made using the Bonferroni posttest. A probability of 0.05 or less was deemed statistically significant between different treatments (#P Ͻ 0.01 and ##P Ͻ 0.001) or time-matched control where indicated (*P Ͻ 0.05 and ***P Ͻ 0.001).
by Gonzalez-Mariscal et al. (20) compiles the different signaling pathways involved in TJ assembly and disassembly and reviews the different controversial reports about ERK1/2 signaling and TJ modulation. We previously showed that CsA modulates epithelial barrier function in MDCK cells by the ERK1/2 pathway (29) . In LLC-PK 1 cells, Mullin et al. (35) demonstrated that activation of ERK1/2 by transfection with an activated Ras mutant increased TER. This increase in TER was correlated with an increase in claudin-1, -4, and -7 and a decrease in claudin-2 levels. However, this activation of Ras increased also the permeability to relatively large and uncharged molecules (mannitol), whereas decreased the permeability to small charged solutes (ions). Another study by Kinugasa et al. (30) demonstrated that ERK-mediated mechanisms are required to assemble functional TJs in intestinal epithelial cells correlated with upregulation of claudin-1 and -2 gene expression.
Here, we demonstrate that SRL and CsA treatment alone or in combination activated the ERK1/2 pathway at 24 and 48 h in LLC-PK 1 cells. It was clearly shown that SRL on its own activated ERK1/2 and further more that the combination of SRL and CsA showed much great activation of ERK1/2 than either drug alone. The inhibition of ERK1/2 by U0126 significantly reduced the SRL, CsA, and the SRL/CsA-induced increases in TER. This provides clear evidence that the SRL, CsA, and SRL/CsA treatment-induced increases in TER involve the ERK1/2 signaling pathway. To our knowledge, this is the first evidence that SRL can result in activation of ERK1/2 in kidney tubular epithelial cells. However, there have been a number of publications indicating cross talk or pathway interactions between MAPKs and mTOR (25, 39) . A possible cross talk of relevance to our findings may involve protein tyrosine phosphatases. It has been shown in cortico-striatal slices and primary neuronal cultures that SRL completely blocked the translation of a striatal-enriched protein tryrosine phosphatase (STEP). As one of the substrates of STEP includes ERK itself, such inhibition of STEP translation would result in reduction of dephosphorylation of ERK (25) . Work from the same laboratory also showed that STEP was phosphorylated and inactive under basal conditions (39) . Activation of calcineurin led to dephosphorylation and activation of STEP with resultant dephosphorylation of ERK. If similar tyrosine phosphatases and signaling cross talk exist in kidney cells, these may be involved in the ERK1/2 activation seen in our experiments with SRL, CsA, and the combination of CsA/SRL.
With the establishment that ERK1/2 activation played a key role in regulating SRL, CsA and CsA/SRL induced barrier alterations as indicated by TER, the effect of U0126 on the TJ components was examined. Inhibiting ERK1/2 activation prevented the SRL, CsA, and CsA/SRL-induced increase of claudin-1 in the cytoskeleton-associated fractions. This clearly indicates an important role for claudin-1 in the SRL, CsA, and CsA/SRL-induced alterations in renal epithelial cells. The effects of ERK1/2 inhibition on claudin-4 were somewhat different in that inhibition of ERK1/2 did not prevent the increase in claudin-4. As inhibition of ERK1/2 prevented the increase in TER, the clear implication is that alterations in claudin-4 do not seem to be critical in the SRL, CsA, and CsA/SRL-induced changes in renal proximal tubular cells. The effect of U0126 on the localization of claudin-1 in the insoluble fraction coupled with the effect of U0126 on preventing the increase in TER clearly points to a mechanism of CsA and SRL involving the localization of claudin-1 in the insoluble fraction.
Inhibition of ERK1/2 activation after SRL, CsA, or CsA/ SRL treatment also produced an increase of claudin-2 localization in the insoluble fractions. The exposure to CsA and CsA/SRL in the absence of ERK1/2 inhibition caused a downregulation in claudin-2 expression. Claudin-2 has been described as an anion pore and it is related to the leakiness of the epithelium (1, 15, 48) . Furuse et at. (18) reported that MDCK I cells (with a higher TER resistance than MDCK II) lack claudin-2. When claudin-2 cDNA was introduced into MDCK I cells, the TER values of MDCK I expressing claudin-2 fell to the levels of MDCK II. Our data show that ERK1/2 negatively regulates claudin-2 expression. This is consistent with previous studies by Lipschutz et al. (32) in MDCK II cells where ERK1/2 activation decreased claudin-2 expression and transiently increased TER after HGF treatment. It would seem therefore that downregulation of claudin-2 was also involved in the SRL, CsA, and CsA/SRL-induced alterations in TER.
In conclusion, our study showed that CsA and CsA/SRL treatment caused a tightening of the paracellular pathway as evidenced by an increase in the TER across tubular epithelial cell monolayers. If similar effects occur systemically in vivo, with these two immunosuppressive drugs, the enhancement of barrier function in areas of the body may decrease luminal antigen presentation, decreasing immune activation and helping the immunosuppressive action. The fact that the inhibition of the activation of ERK1/2 after CsA and CsA/SRL cotreatment restored TER levels and altered the localization and/or expression of claudin-1 and -2 strongly suggests that the ERK1/2 signaling pathway is involved in TJs modulation after the treatment with these immunosuppressive drugs. These results including the finding that SRL alone can have some direct effect on renal proximal tubular cells and the synergistic effects of CsA/SRL combination on the epithelial function as assessed by TER and claudin expression and localization provide novel insights in the enhanced nephrotoxicity of CsA/ SRL combination.
